The crucial process of aminoacyl-tRNA delivery to the ribosome is energized by the GTPase reaction of the elongation factor Tu (EF-Tu). Advances in the elucidation of the structure of the EF-Tu/ribosome complex provide the rare opportunity of gaining a detailed understanding of the activation process of this system. Here, we use quantitative simulation approaches and reproduce the energetics of the GTPase reaction of EF-Tu with and without the ribosome and with several key mutants. Our study provides a novel insight into the activation process. It is found that the critical H84 residue is not likely to behave as a general base but rather contributes to an allosteric effect, which includes a major transition state stabilization by the electrostatic effect of the P loop and other regions of the protein. Our findings have general relevance to GTPase activation, including the processes that control signal transduction.
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enzymatic catalysis | preorganization | allostery T he elongation cycle of protein synthesis uses the elongation factor Tu (EF-Tu) with GTP to deliver aminoacyl-tRNA (aa-tRNA) to the mRNA-programmed ribosome. More specifically, the GTP-bound state of EF-Tu forms a high-affinity ternary complex with the aa-tRNA. Upon binding of the ternary complex to the ribosome, the aa-tRNA occupies the A site and, when the codon-anticodon interaction is cognate, the GTPase activity of the EF-Tu is increased significantly. The conformational change following GTP hydrolysis to GDP and a leaving phosphate group (P i ) leads to dissociation of EF-Tu from the ribosome and accommodation of the aa-tRNA on the A site for peptidyl transfer (see Fig. 1 for a schematic description; for additional details, see refs. [1] [2] [3] .
Breakthrough in the elucidation of the ribosome structure (2-13) and careful biochemical studies (1) (2) (3) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) allow one to begin thinking about the nature of the mechanism of the elongation process. In particular, the elucidation of structure of the EF-Tu/ribosome complex (our study refers to the structure of EF-Tu in the complex as EF-Tu′) (9) opens the way for the exploration of the activation process at the molecular level. However, despite major biochemical and structural breakthroughs, a detailed explanation of how the codon recognition in the 30S subunit leads to GTP hydrolysis remains elusive. That is, although it is known that the precise positioning of H84 is critical for efficient catalysis (1, 9, (11) (12) (13) (23) (24) (25) (26) , the energetics of this positioning and its ultimate role in stabilizing the transition state (TS) are unclear. More precisely, it is frequently assumed that the conserved H84 is moved to a catalytic configuration and then serves as a general base, but this assumption is problematic (see ref. 1 and Reproducing the Overall Catalytic and Mutational Effects below) and has similar pitfalls as in the highly related case of the Ras-RasGAP (RasGAP) system. That is, where it was originally assumed that Q61 in the RasGAP system serves as a general base, but this assumption has been shown to be incorrect (see the review in ref. 27 ). In fact, it has been argued, and, in some respect demonstrated by simulations (27) , that the activation process is due to allosteric changes in the P loop, which are disrupted by mutations of Q61. However, it has been difficult to characterize experimentally the structural changes associated with the Q61 mutation in the RasGAP complex or even to clearly identify structural changes in the P loop upon formation of the complex. Fortunately, there are direct structural evidences (9) in the EF-Tu′/ribosome system, where the P-loop structure changes in the ribosome-bound structure. This evidence suggests allosteric structural changes as much more likely candidates for the activation process than the effect of positioning the H84 side chain in an orientation that will presumably make it a good general base.
It is important to note that the theoretical attempts to study the activation process of EF-Tu at the molecular level have been rather limited, ranging from the study of the isolated EF-Tu (28) to a generation of the structure of the EF-Tu′/ribosome complex through simulation (10) .
The present work advances the understanding of the molecular origin of the activation process by addressing its energetics and focusing on the catalytic effect of the transition to the EF-Tu′/ ribosome complex. Our study reproduces quantitatively the catalytic effect of EF-Tu (relative to the uncatalyzed reaction) and the increase of this effect in the activated complex and then explores the critical role of H84. It is found that H84 does not act in a direct way but occupies a pivotal position in an exquisitely preorganized catalytic configuration generated by the binding of EF-Tu and aa-tRNA to the ribosome. Selected mutations of H84 destroy this preorganization by indirectly disturbing a particularly sensitive region of the protein and thus change the nature of interaction between the active site residues and the TS. The general implications of this mechanism are also discussed.
Results and Discussion
Reproducing the Overall Catalytic and Mutational Effects. Before exploring the role of H84, it is essential to establish the reliability of our computational approach (see Methods and SI Text) by calculating the acceleration of the GTP hydrolysis by both EF-Tu and its activated complex with the ribosome and the aa-tRNA (i.e., the complex following codon recognition). The GTP hydrolysis mechanism can be described by considering the mechanisms outlined in Fig. 2 . It should be noted that, although we demonstrated in earlier studies (29) that the protein catalytic effect is similar for associative and concerted mechanisms, we examined here both options by using the corresponding empirical valence bond (EVB) models (see SI Text and Methods for a discussion of the calibration process). Overall, we obtained very similar results from both models. The calculated EVB free-energy profiles for the GTPase reaction (with the stepwise model) in water, in the isolated EF-Tu, and in the EF-Tu′/ribosome complex are presented in Fig. 3 . The results for the concerted model are given in SI Text. The corresponding free-energy barriers with the stepwise model are also summarized in Table 1 . As seen from Fig. 3 and Table 1 , the experimental trend is reproduced. It is interesting to see that the rate-limiting step for the stepwise model is associated with the second barrier (i.e., except for the H84Q mutation). The height of this activation barrier is reduced in EF-Tu and reduced to a much greater extent in the EF-Tu′/ribosome complex upon stabilization of the TS. It is useful to note that the energetics reported for GTP hydrolysis (see Fig. 3 ) pertain to the chemical step only, and the removal of the leaving group is not included. After the chemical step is completed, conformational steps are likely to further decrease the free energy of the product state (PS) by moving EF-Tu from a GTP-bound conformation to a more stable GDP-bound conformation. The origin of the total effect of the EF-Tu → EF-Tu 0 ∕ribosome transition is discussed in The Ribosome Changes the Preorganization of EF-Tu and Exploring the Storage of the Allosteric Elongation Free Energy.
Another significant point was our finding that H84 has a pK a above 10 and is very likely to be protonated in the complex due to its interaction with the phosphate group of residue A2662 of the 23S rRNA (see SI Text). This finding indicates that H84 is unlikely to serve as a general base. Furthermore, the finding that the rate constant does not change when the pH changes from 6 to 9 (see ref.
1) also provides a strong evidence against the general base idea. Nevertheless, a detailed calculation of the mechanism where H84 is a general base, as performed in our work on Q61 in the RasGAP system (see ref. 27 ), will help to determine the energetics of the general base mechanism.
Next, we explored our ability to reproduce the effect of the H84A mutation. The results (see Figs. 3b and 4 and Table 1) demonstrate that we can capture the important fact that the H84A mutation leads to loss of the catalytic effect. After demonstrating our ability to reproduce the observed effect of the H84A mutation, we can begin exploring the origin of the GTPase activity and its relationship to the structural orientation of H84. As a first step, we mutated H84 to its nonpolar analogue (H84H NP ) by forcing all residual charges on the side chain to be zero (i.e., this "mutation" was done by moving from a model where H84 was explicitly ionized to a model where H84 was completely nonpolar). Interestingly, this mutation did not reproduce the observed large anticatalytic effect of the H84A mutation (see Table 1 ). That is, the activation barrier increased approximately 1 kcal mol −1 instead of the 5-9 kcal mol −1 observed effect for the H84A mutation. Apparently, H84 interacts strongly with the reacting system (i.e., substrate plus water) in both the reactant state (RS) and the TS. However, because the strong interaction of H84 with the reacting system is similar in the RS and the TS, its overall effect is not large. It might be important to clarify that, although the H84H NP mutation cannot be performed experimentally, it is perhaps the most effective theoretical way for examining the direct catalytic role of H84. That is, if H84 catalyzes the GTPase reaction by its electrostatic effect, then a complete removal of the residual charges would destroy the corresponding catalytic effect. But, if the catalytic effect of H84 is due to an indirect effect (i.e., by helping other residues to remain in a correct catalytic arrangement), the H84H NP mutation will probably not have a large Step a of the two-step process involves an attack of a water molecule on GTP and a formation of a pentacoordinated intermediate, whereas step b of the two-step process involves a cleavage of the P β -O bond and the generation of a leaving phosphate group and the GDP. The average free-energy profiles (kcal mol −1 ), calculated using the EVB FEP/umbrella sampling procedure, for the GTPase reaction in (A) water, EF-Tu, and EF-Tu'/ribosome complex, and (B) H84A, H84Q, and H84H NP mutants. The free energies are given relative to the free energies of the reactants. The notation NP (nonpolar) indicates that all the residual charges of the given residue are set to zero. The number of points in each profile does not correspond to the total number of frames employed in the FEP mapping of the respective GTPase reaction.
anticatalytic effect. Our results reveal that, indeed, the H84H NP mutation has a small anticatalytic effect (assuming, however, that the protein stays in the EF-Tu′ conformation). Again, because a fully nonpolar mutant does not exist, there is no direct experiment that can reproduce the above finding. Thus, it is essential to demonstrate that we can reproduce the anticatalytic effect of an experimentally investigated mutation, such as the H84A mutation. As seen from Figs. 3B and 4 and Table 1 , we were able to reproduce the observed effect of the H84A mutation and thus encouraged to try to predict the effect of the H84Q mutation. Here, we found that the calculated effect of this mutation is much smaller than that of the H84A mutant (see Figs. 3b and 4 and Table 1 ).
It is important to consider the significance of our prediction that the catalytic effect of H84 is indirect and that the H84Q mutation has a small anticatalytic effect (i.e., Δg ‡ cat is about 1 kcal mol −1 lower than in the wild-type EF-Tu′/ribosome). This prediction (which assumes, however, that the complex stays in the EF-Tu′ conformation) is similar to our earlier predictions regarding the catalytic effect of residue Q61 in the RasGap complex (27) . However, in the present case, we have a hint from direct experiments. That is, experimental studies of the H84Q mutation in Thermus thermophilus (23, 25) revealed that this mutation leads only to a small reduction in the GTP hydrolysis rate (i.e., in the presence of a ribosome and the aa-tRNA) relative to the native enzyme. Unfortunately, in the T. thermophilus system studied in refs. 23 and 25, the absolute values of the GTP hydrolysis rates at 37°C are small, and the system has not been as well-characterized as the corresponding Escherichia coli system, where an enormous effect of the H84A mutant has been observed (1). Thus, a further validation of our prediction in the E. coli system would be extremely instructive. At any rate, because our model reproduces the large observed anticatalytic effect of the H84A mutation, we can go one step further and explore the origin of these calculated effects. This analysis is presented in The Ribosome Changes the Preorganization of EF-Tu and Exploring the Storage of the Allosteric Elongation Free Energy.
The Ribosome Changes the Preorganization of EF-Tu. After validating our calculations by reproducing the overall catalytic effect and the effects of different mutations, we can examine the origin of these effects. We start by exploring the overall catalytic effect of the ribosome by focusing on its indirect structural effect through its interaction with EF-Tu. Comparison of the X-ray structure of the isolated EF-Tu to the structure of EF-Tu in the EF-Tu′/ ribosome complex reveals (see Fig. 5 ) some of the structural changes induced by the binding of the ribosome to EF-Tu [e.g., H84 moves closer to the γ-phosphate of GTP (9)]. A graphical display of the structure of the entire catalytic complex structure of EF-Tu is provided in Fig. S1 . However, although this comparison is instructive, it cannot explain the actual functional implications of the corresponding structural changes; similarly, TS analogues (TSAs) require extensive theoretical analysis to establish the exact relationship between TSAs and the corresponding TSs (30). Fig. 2 ). The exponent of a relative free energy does not correspond to a footnote. The free energies are given relative to the free energies of the reactants. The values of the experimental activation free energy Δg ‡ cat (exp) were obtained from the corresponding rate constants (k cat ) using transition state theory (see ref , and the experimental activation barriers were calculated analogously to the method described in Table 1 . The notation NP indicates that all the residual charges of the given residue or set of residues are set to zero. The notation K ¼ 0.2 indicates that the simulation was performed with a force constraint using a force constant of K ¼ 0.2 kcal mol −1 Å −2 on the EFTu residues. The notation "rib" indicates the presence of the ribosome in the simulations.
Fig. 5.
Comparing the structures of the active site in both the EF-Tu (gray, from PDB ID code 1EFT) and EF-Tu′/ribosome (yellow, from PDB ID code 2XQD) that were used as starting points of our simulations (PyMOL software was used for the structural alignment). Critical regions (P loop, switch I, and switch II) are labeled. GTP and water are included in the RS configuration of EF-Tu′/ribosome. The Mg 2þ , aa-tRNA, and ribosome are not shown for the sake of clarity in this diagram. Note that, although the superposition can be subjective, the actual calculated group contributions (see SI Text) are independent of the relative initial orientation on the structures.
To gain a deeper understanding of the nature of the catalytic effect in the EF-Tu′/ribosome complex, it is important to clarify the structural role of the ribosome during the activation process. Here, it is essential to consider the effect of the sarcin-ricin loop (SRL) of the 23S rRNA, and in particular residue A2662 (see Fig. S2 ), whose critical role has been pointed out before (14) (15) (16) . Significantly, our simulations of the EF-Tu′/ribosome complex found that a proper H84 positioning, without any additional artificial force constraints, required the presence of the SRL loop with its A2662 residue. The remaining ribosome components that compose the GTPase binding site, which play lesser but nonetheless important roles in the preorganization of the active site required for GTP hydrolysis, are the rRNA residues and the L11 and L12 proteins (17) . Interestingly, mutation of the SRL residues near A2662 (16) or cleavage of the SRL between residues A2662 and G2661 with the toxin α-sarcin (18) leads to significantly reduced levels of GTP hydrolysis (9) . Our computational studies confirm that the SRL is necessary for moving the system to the EF-Tu′ conformation as the presence of residue A2662 or a related external constraint on H84 (that indirectly pushes EFTu to the EF-Tu′ structure) is required to reproduce the experimentally observed catalytic effect (see Fig. 4 ). A part of this effect might be associated with a strong electrostatic interaction with a protonated H84. More information on the relaxation effects is given in SI Text.
In order to explore the effect of the above-mentioned structural changes, we must employ a systematic computational analysis. First, we explored the activation barriers in the following systems: (i) EF-Tu and EF-Tu′, both without the ribosome and with constraints on the corresponding initial structure, and (ii) EF-Tu′ with the ribosome. Analysis of the corresponding results reported in Fig. 4 indicates that the effect of the ribosome is mainly in moving the EF-Tu to the EF-Tu′ structure, where the active site is preorganized for catalysis.
Another type of analysis was performed by calculating electrostatic group contributions of the protein residues to the TS stabilization (see SI Text). This approach allows us to estimate the functional contributions of different structural changes and to determine which changes have a significant effect along the pathway from the RS to the TS. Thus, we are able to determine the allosteric changes in the individual electrostatic contributions to TS stabilization upon transformation from EF-Tu and EF-Tu′. This analysis is independent of the way one superimposes different structures because it looks upon the internal energy of each system. As discussed in SI Text, these contributions are not equal to the effect of mutating the corresponding residues but give general qualitative hints about mutation effects. Fig. S3 presents the changes in the electrostatic contributions of the EF-Tu residues due to formation of the EF-Tu′/ribosome complex. Figs. S3 a and b describe the contributions in the RS and in the TS [or the intermediate state (IS)], respectively. A similar trend is observed in the comparison of the native and the H84A mutant (generated from a structure that was obtained by starting from the EF-Tu′ structure), but the contributions in the RS and in the TS (or the IS) are significantly less pronounced. Because the IS and the TS have similar properties and the calculations of the intermediate are more stable, we consider here the results for the IS as descriptors of the corresponding TS results. Apparently, significant changes occur in the P loop and switch II (see Fig. 5 for a graphical display of the corresponding structural changes). The reorganization between free EF-Tu and EF-Tu′ is likely of functional importance.
Exploring the Storage of the Allosteric Elongation Free Energy. At this point, we can move to the long-standing issue of the storage of the free energy that leads to the conformational change from EF-Tu to EF-Tu′. More specifically, upon codon-anticodon recognition, significant conformational changes occur in the ribosome, tRNA, and EF-Tu and thus leads to the activation of the GTPase center (9, 11) . The free-energy cost for these conformational changes is drawn from the successful binding of a cognate tRNA and the associated interactions of the 16S rRNA residues with the codon-anticodon helix (5) .
As a first step in the attempt to quantify the above effects, we used our linear response approximation (LRA) strategy in the way exploited in previous studies of F1-ATPase (31) and other systems (32, 33) . That is, using the LRA strategy we estimated the free-energy change of the entire protein system, upon moving between two configurations in the reactant state. This was done by evaluating the EVB (or related) energy gaps in these two configurations (e.g., see ref. 32):
where ϵ 1 and ϵ 2 are the potential energy surfaces of the actual reactant (polar ligand) and a hypothetical nonpolar state. The notation h i i designates an average over trajectories that are propagated on ϵ 1 , where the system is held by a weak constraint near the coordinates of the indicated conformations (r i ). Evaluating the LRA terms leads to the results presented in Table 2 .
The calculated results probably provide an overestimate due to convergence difficulties and more realistic results can be obtained by using an effective dielectric constant (34) . These difficulties reflect the long time needed for water penetration and for establishing other compensating electrostatic effects. In the present system, which is highly charged, key relaxation events, such as water penetration, might be missed. In fact, to improve our results, we have future plans to use our renormalization approach (35) . However, even the current calculations indicate (see Table 2 ) that the H84A mutant destabilizes the EF-Tu′ configuration relative to the EF-Tu configuration. Next, we extended our study and simulated the catalytic free-energy landscape in the space defined by the chemical and conformational coordinates. This challenging exploration has been performed by first using targeted molecular dynamics (TMD) (36) along the conformational coordinate to generate representative configurations, and then applying the linear response approximation for configurations along the conformational coordinate, while performing EVB calculations to evaluate the chemical barriers at these configurations (see SI Text). The corresponding results are depicted in Fig. 6 for the native and H84A mutant. As seen from Fig. 6 , the mutation shifts the landscape in a way that reduces the population of Table 2 . LRA free-energy contributions to the conformational change between EF-Tu and EF-Tu′ in the native and H84A systems in the presence of the ribosome and aa-tRNA ΔG corresponds to the free energy (kcal mol −1 ) of the conformational change from r 1 (EF-Tu) to r 2 (EF-Tu′). The free energies were evaluated using Eq. 1, where ϵ 1 and ϵ 2 are the potential energy surfaces of the actual reactant (polar ligand) and a hypothetical nonpolar state, and h i i designates an average over trajectories that are propagated on ϵ 1 , where the system is held by a weak constraint near the coordinates of the indicated conformations (r i ). *These results most likely provide an overestimate due to convergence difficulties, and more realistic results can be obtained by using an effective dielectric constant (34) (see Exploring the Storage of the Allosteric Elongation Free Energy of the text for details). † Scaled free-energy contributions to the conformational change using an effective dielectric constant of 3 as a rough estimate to correct convergence difficulties (this should not be confused with the inconsistent use of an effective dielectric constant of 4 in some macroscopic studies).
the EF-Tu′ configuration. This change is a clear allosteric consequence of the binding of EF-Tu (or the ternary complex) to the ribosome. The allosteric effect is driven by a key interaction (i.e., the interactions between H84 and the surrounding residues including the SRL loop). Ultimately, these interactions are coupled to a conformational change that moves the system from the EF-Tu conformation to the EF-Tu′ conformation. In other words, the H84A mutation disrupts the preorganization of the active site groups of the EF-Tu′ system. It should be noted that a part of the effect of the H84A mutation already occurs at the EF-Tu′ configuration and reflects some local structural effects.
Concluding Remarks
The present work examined the elusive origin of the activation of EF-Tu by the ribosome through the combination of previously undescribed structural information (9) and quantitative simulation approaches. The simulations reproduced the observed catalytic effects and their change upon activation by the ribosome, as well as the effect of key mutations. These accomplishments indicated that the EVB model employed (see SI Text) can help in resolving the major outstanding question regarding the origin of the longdistance activation of EF-Tu by the ribosome.
In exploring the origin of the catalytic effect we found that the activation is not directly due to the repositioning of H84, but to an overall allosteric transition that forces EF-Tu, and in particularly the P loop, to a preorganized catalytic configuration (EF-Tu′). Moreover, part of the effects of different mutants (e.g., H84A) also reflects local direct perturbations and further exploration of the partition between the direct and indirect effects of a given mutation is clearly needed, preferably with more experimental information on the effect of different mutants. At any rate, in view of the present findings, we consider the indirect effect of the ribosome as the major factor in the activation of the GTPase hydrolysis. Specifically, relatively small structural rearrangements in switch I, switch II, and the P loop (due to the formation of the EF-Tu′/ribosome complex) alter in a drastic way the stabilization of the TS. Overall, the system can be considered metastable with regard to its native sequence, where mutations of some residues change the free-energy landscape and lead to destruction (or enhancement) of the catalytic effect. Mutations of H84 are particularly effective in destroying the catalytic configuration, leaving the system in its inactivated state and thus preventing protein synthesis.
It may be useful to comment here on other factors, such as the "hydrophobic gate" effect (37) . Upon initial binding of the ternary complex and codon-anticodon recognition, there is a disruption of the interaction between the tRNA and switch I of EF-Tu, which has been assumed to transmit a signal to the GTPase center by opening the hydrophobic gate (i.e., V20 and I61). This interesting structural element was suggested to block the interaction of G83 and H84 of switch II with either the γ-phosphate of GTP or the catalytic water molecule, thus disrupting the hydrolysis (1, 19, 37) . Although this proposal is interesting, the resulting effect on catalysis is unlikely to be significant. That is, the hydrophobic residues can lead to a barrier on the way to the correctly preorganized configuration, but this barrier is unlikely to be a rate-limiting barrier and thus is unlikely to influence the catalysis. In fact, mutations of residues in the hydrophobic gate region (i.e., V20G and I61A) have not caused an increase in the intrinsic or ribosome-induced GTP hydrolysis and thus are unlikely to be involved in a major catalytic effect (20, 21) .
One of the obvious questions about our finding may be related to the fact that H84 is universally conserved in all translational GTPases from bacteria to humans. Here, our finding that the H84 group is probably protonated may have special significance, as it might help in establishing the allosteric effect through the electrostatic interaction between H84 and the phosphate group of A2662.
One may wonder about the overall predictions made in this work. One prediction is that the H84Q mutant will have a significant catalytic effect, unless it will not be able to keep the system in the EF-Tu′ conformation (the structural effect of the mutant can be checked by X-ray structural analysis). Another prediction is that removing the negatively charge phosphate of the A2662 residue might lead to pH dependence of the GTP hydrolysis. Predictions of the effect of other mutations are left to subsequent studies. Finally, in our view, being able to reproduce known mutational effect without any adjustable parameters is a way to support the relevance of the corresponding analysis even without predictions.
The current analysis of the nature of the EF-Tu activation by the ribosome provides a significant support to our previous proposal regarding the activation of Ras. That is, even in the Ras-GAP complex (where it is harder to obtain structural information about Q61 mutants), a similar mode of activation was deduced from a careful simulation study (27) . Consequently, these consistent results for the EF-Tu and Ras systems shed light on the general activation mechanism of GTPases, where the binding to another protein or a subunit greatly accelerates the intrinsic reaction. Here we provide further evidence that this activation process involves major allosteric effects.
Methods
The free-energy surface of the reference solution reaction was estimated considering our more recent quantum chemical calculations (38) , and the resulting surface reproducing all of the relevant details regarding the solution reaction is shown in Fig. S4 . The effective charges obtained at the MPW1PW91/6-311G** level of theory for the RS, IS, and PS were employed in our EVB model (see Table S1 ). The complex nature of the reaction was accounted for by exploring concerted and stepwise mechanisms. This approach required two and three diabatic states for the concerted and stepwise mechanisms, respectively (see Fig. S5 ). The EVB calculations were carried out by the MOLARIS simulation program using the ENZYMIX force field (39) . The EVB activation barriers were calculated by the same free-energy perturbation umbrella sampling (FEP/US) approach, which has been described in detail elsewhere (40) . The atomic coordinates used as a starting point in the simulations were taken from 5P21 (41), 1WQ1 (42), 1EFT (43), 1TTT (44) , and 2XQD and 2XQE (9) , which correspond to the Research Collaboratory for Structural Bioinformatics Protein Data Bank (PDB) identification codes for Ras, Ras-RasGAP (RasGAP) complex, EF-Tu, EF-Tu ternary complex, and EF-Tu′/ribosome complex, respectively. The simulation systems were solvated by the surface-constrained all-atom solvent (SCAAS) model (45) using a water sphere of 18-Å radius centered on the substrate and surrounded by 2-Å grid of Langevin dipoles and then by a bulk solvent, whereas long-range electrostatic effects were treated by the local reaction field method (46) . The EVB region consisted of the substrate and a water molecule that serves as a nucleophile (see Fig. S5 ). The FEP mapping was evaluated by 25 frames of 10 ps each for the movement along the reaction coordinate using SCAAS model after the respective system underwent a 100-ps relaxation run. All the simulations were performed at 300 K with a time step of 1 fs. To obtain reliable sampling (47) , the simulations were repeated at least five times with different initial conditions (obtained from arbitrary points in the relaxation trajectory after the initial 100-ps relaxation run) for each reacting system. The mutant systems were generated from the systems listed in the SI Text via 100-ps relaxation runs. The energetics of the conformational coordinate were explored using TMD simulations (36) and the linear response approximation (LRA) treatment (31) (32) (33) . The contributions of different residues to the activation barrier were calculated by evaluating respective electrostatic group contributions to the differential binding energy between the RS and TS (48) . The ionization states were evaluated by using our Monte Carlo approach (49) , and the effects of ionized residues on the activation free energy have been incorporated. For histidine residues, the tautomers were determined automatically by our standard procedure (included in the MOLARIS software package), which selects automatically the configuration with lower electrostatic energy. SI Text provides additional details regarding the specific methods employed in this work.
